Antioxidant potential (AOP) is not only the property of the matrix analyzed but also depends greatly on the methodology used. The chromogenic radicals 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (
Introduction
A dozen different methods can be found in the literature 1 for in vitro analysis of antioxidant properties of phenolic compounds. Among the most popular are those employing phospho-tungsto-molybdate in Folin-Ciocalteu (FC) reagent or chromogenic radicals such as 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS •+ ) and 2,2-diphenyl-1-picrylhydrazyl (DPPH • ). Such radicals, with unpaired valence electron at one nitrogen atom, can be reduced by compounds with antioxidant properties and the assays are based on spectrophotometric measurements of unreacted radicals at the beginning and after a certain incubation time.
There is a long going debate as to whether results of such in vitro assays are relevant, since no correlation between in vitro antioxidant properties and health benefits has been confirmed 2 and rates of reaction of antioxidants with radicals are much more important for their effectiveness than the stoichometric values obtained by antioxidant assays. 3, 4 Despite these limitations a great number of papers are published each year containing data about antioxidant potential (also activity and capacity) and total polyphenol content of various biological, pharmaceutical and food samples.
The incubation time for reaction of antioxidants with radical probe and FC reagent varies substantially between different studies and ranges from minutes to hours. Apart from their structural characteristics (number and position of -OH groups, inductive effects of other substituents present in the antioxidant molecule, steric hindrance/accessibility, packaging of an antioxidant around reactive species) the reactivity of an antioxidant depends significantly on reaction conditions such as solvent polarity, pH, temperature, type and concentration of reactive species. 3, [6] [7] [8] [9] [10] [11] [12] [13] [14] Since the selection of the method, the time and reaction conditions adopted to evaluate the content of antioxidants in a given sample significantly impact the determined values and, due to the fact that these parameters in a number of articles are relatively poorly described, it is very difficult to compare the results of AOP obtained for similar samples in different studies.
As shown in numerous studies, green and black tea, green and roasted coffee, apple juice, beer, and cranberry fruits are considered as antioxidant rich foods and exhibit notable AOP. [15] [16] [17] [18] [19] [20] The primary purpose of the present study was to demonstrate how the selected method and composition of the assay solvent influence the reactivity of antioxidant compounds in the above mentioned foods with chromogenic radicals, DPPH
• and ABTS •+ , and with the FC reagent. The reactivity was evaluated utilizing the approach of reaction kinetics as well as stoichiometric calculations of AOP expressed in Trolox equivalents (TE). ABTS assay was carried out in water and in aqueous buffers pH 7.4 and pH 5.0. DPPH assay was performed in methanol (MeOH) and in mixtures of MeOH with water and aqueous buffers pH 7.4 and pH 5.0. FC assay was carried out only after one protocol.
Experimental

1. Sample Material
The samples included in our investigation: green tea (Green tea, Winston's Tea Company, UK), black tea (English breakfast, Winston's Tea Company, UK), green coffee (Finca la Providencia, 100% Arabica, Guatemala), roasted coffee (Green coffee roasted for 13 minutes, final temperature 223 °C; STA Impianti -Combi5), apple juice (100%, Fructal, Slovenia), beer (Pale lager, Union, Slovenia), dried cranberries (Brusnifem, Medex, Slovenia) and dried cranberries with added vitamin C (Cranberry kapseln mit vitamin C, Sunlife productions, Germany), were obtained from local suppliers.
Preparation of Sample Solutions
Coffee beans were ground using a laboratory scale mill and sieved through a No. 30 sieve. Crushed tea leaves were additionally homogenised in a mortar. 6.00 g of ground green or roasted coffee, and 1.00 g of green or black tea were transferred into a beaker and 100 ml boiling MilliQ water poured over. The beaker was covered with a watch glass to minimize evaporation and the suspension was mixed on a magnetic stirrer (300 rpm) for 5 min. Small amounts of evaporated water were compensated by MilliQ water (control by weighing). 100 mg of dietary supplement (dried cranberries, dried cranberries with added vitamin C) were transferred into a 15 ml centrifuge tube and extracted with 10.0 mL of MilliQ water by vortexing at room temperature for 5 min. All samples were filtered through 0.45-μm cellulose acetate filters and used for the analysis of AOP within 1 h. Beer and apple juice were transferred from freshly opened packages.
3. Reagents and Solvents
ABTS reagent, DPPH
• reagent, Folin-Ciocalteu reagent, Trolox and ethanol (C 2 H 5 OH, 96%) were purchased from Sigma-Aldrich GmbH (Steinheim, Germany). Methanol (CH 3 OH, 99.9%), sodium carbonate (Na 2 CO 3 ), sodium hydroxide (NaOH), acetic acid (CH 3 COOH) and sodium dihydrogen phosphate dihydrate (NaH 2 PO 4 × 2H 2 O) were obtained from Merck (Darmstadt, Germany). Manganese dioxide (MnO 2 ) was obtained from Kemika (Zagreb, Croatia). The water used was purified using a Milli-Q system (resistivity >18 MΩ cm; Millipore).
4. Folin-Ciocalteau Assay
The FC assay was performed according to the modification of Gutfinger.
21 50 μL of appropriately diluted sample, 700 μL of MilliQ water and 125 μL of FC reagent (previously diluted 1:2 (v/v) with MilliQ water) were transferred into a 1.5 mL microcentrifuge tube and mixed by vortexing. After 5 min of incubation at 25 °C, an aqueous solution of Na 2 CO 3 (125 μL, 20%, w/v) was added, and the sample mixed again and incubated for an additional 55 min at 25 °C. Final dilutions of samples in the test tubes are given in Supporting Information. The absorbance at 765 nm (A 765 ) was measured on a Varian Cary 100 BIO UV-VIS spectrophotometer in a polystyrene cuvette with a 1 cm path length. Absorbance of the blank (50 μL of MilliQ water instead of the sample) was subtracted from the absorbance of sample (three parallels).
5. The DPPH and ABTS Assays
The DPPH and ABTS assays were performed according to a modification of the method of Brand-Williams et al. 22 and Re et al., 23 respectively. The DPPH • solution was prepared in MeOH and diluted to the concentration that would give an absorbance of 2.4 at 520 nm in the 1 cm pathlength cuvette. The radical cation of ABTS, ABTS
•+ , was produced by reacting ABTS with MnO 2 in aqueous solution followed by centrifugation and filtration. The ABTS
•+ solution was diluted with MilliQ water to the concentration that would give an absorbance of 2.4 at 734 nm in the 1 cm pathlength cuvette. All the solutions, buffers and solvents were incubated at 25 °C prior to analysis.
The assay solutions were prepared in 1.5 mL micro centrifuge tubes by mixing DPPH
• or ABTS •+ solution (500 μL) with 450 μL of MilliQ water, MeOH, acetate buffer (25 mM, pH 5.0) or phosphate buffer (5 mM, pH 7.4) for the DPPH assay, and MilliQ water, acetate buffer (25 mM, pH 5.0) or phosphate buffer (5 mM, pH 7.4) for the ABTS assay. The reactions were started by the addi-tion of 50 μL of the sample solution into the assay medium, with thorough mixing. Final dilutions of samples in the test tubes are given in Supporting Information. Each sample was prepared in three parallels. After 60 min incubation at 25 °C the absorbance at 520 nm in the DPPH assay (A 520 ) and 734 nm in the ABTS assay (A 734 ) was measured on a Varian Cary 100 BIO UV-VIS spectrophotometer in a 1 cm cuvette. The measured absorbance was subtracted from the corresponding absorbance of the controls (50 μL of MilliQ water instead of the sample) after 60 min incubation. The data are expressed as d-A 520 or dA 734 , respectively.
The assay solutions for analysis of the reaction kinetics of investigated antioxidants with DPPH
• (in the mixture of MeOH and phosphate buffer pH 7.4, and in Me-OH) and ABTS
•+ (in phosphate buffer pH 7.4 and in water) radicals were prepared in 1 cm quartz cuvettes with the stopper to prevent evaporation, by mixing DPPH
• or ABTS
•+ solution (500 μL) with 450 μL of the selected solvent. The reaction was started by the addition of 50 μL of the sample solution (final dilutions in the assay solutions are given in Supporting Information) into the assay medium and A 520 and A 734 , respectively, were continuously monitored at 15 s intervals over 180 min on a Varian Cary 100 BIO UV-VIS spectrophotometer at 25 °C. The measured absorbances were subtracted from the corresponding absorbances of the controls at appropriate time points.
6. Statistical Analysis
All samples were prepared in triplicate (three infusions prepared on different days). Each sample was analysed in three parallels. The standard deviations in determined AOP for the parallels were <5% and standard deviations in AOP for different sample preparations were <15%. The coefficient of variation (CV) and Pearson correlation coefficients (r) were calculated with program Excel (Microsoft).
Results and Discussion
1. AOP of Selected Drinks and Food Supplements Obtained by DPPH, ABTS and FC Assays
The values of A 765 , dA 520 and dA 734 determined after 60 min of incubation at selected dilutions (Supporting Information) of investigated beverages and dietary supplements were used to calculate the AOP with the DPPH, ABTS and FC method (Figure 1 ). For the purpose of comparison, the results were normalized according to the reactivity of Trolox determined under the same conditions and expressed as mmol TE per g of dry matter, or per L of beverage. 13 From Figure 1 and considering the values for CV of AOPs (Table 1) , the method for AOP determination is seen to have a large impact on the values obtained. Furthermore, differences within a single method reveal that the solvent influences the ability of antioxidants to scavenge chromogenic radicals. The notable differences in the determined AOP of investigated samples can be attributed to the fact that the reactivity of antioxidants depends largely on the interaction of antioxidants with the solvent i.e. H-bonds and deprotonation of phenolic -OH group that depends, besides on its pKa, on the pH of the reaction medium. 7, 24 In such a complex system, the variety of interactions between the antioxidants that operate via different reaction mechanisms results in the specific overall effect. However, despite the significant differences between samples, some common features can be seen. In general, the highest AOP for the majority of antioxidants, with the exception of green and black teas, was determined in the FC assay, followed by ABTS and DPPH assays in buffer pH 7.4 and in buffer pH 5 and the smallest one determined in MeOH (DPPH) or water (ABTS). For systems with similar compositions of phenolic compounds, e.g. green and black tea and roasted and green coffee, the AOP dependences on reaction medium are also similar. In the reactions of green and roasted coffee antioxidants with chromogenic radicals the influence of the studied solvents on reactivity was much greater with the DPPH assay (more than 100% higher AOP in buffer pH 7.4 than in the other three solvents) than with the ABTS assay. The largest difference in AOP assessed by different methods in different media was observed for beer antioxidants, as compared with the other investigated samples, resulting in three-fold greater AOP determined at pH 7.4 than in MeOH (DPPH • ) and water (ABTS •+ ). When considering the effects of the reaction conditions on absolute levels of measured AOPs, the results with apple juice are similar to beer.
Although the main purpose of our study was not to measure the "absolute" AOP, comparison of our results with those in the literature should be considered. The AOP in original papers was normalized according to the reactivity of Trolox. 13 The results reveal that the AOP values determined in our study are similar to those published elsewhere. 15, 16, [18] [19] [20] 25, 26 In general, the highest AOP values determined by these authors were those determined using the FC method. This is consistent with the results of our study. It should be noted that the DPPH and ABTS assays in their studies were conducted in MeOH or in water, where we have also obtained lower AOP values than in the FC assay, too.
Comparison of values of AOP for food supplements, for dried cranberries and for dried cranberries with added vitamin C, shows significant differences in absolute AOP values as well as in the influence of the solvent on the obtained AOP. The AOP of dried cranberries with added vit. C is almost two orders of magnitude higher than that of dried cranberry fruits, which in comparison to literature AOP data is of similar range though somewhat lower, 17 ,27 most probably due to losses incurred during drying and storage, since the published data were obtained by analysing fresh fruit. The labelled content of ascorbic acid (AA) in the enriched cranberry food supplement amounts to 1.4 mmol/g. Since Trolox and AA have similar molar reactivities in reactions with chromogenic radicals, 13 it can be estimated that approx. 75% of AOP of investigated sample can be attributed to the AA. The large contribution of AA to the AOP of dried cranberries with added vit. C is reflected in the results obtained by FC assay, being twofold greater than those obtained by chromogenic radicals, as was observed for AA. In order to compare the influence of incubation time on the value of AOP, the dA 520 and dA 734 values determined at 15 s intervals were normalized to the corresponding values obtained after 60 min incubation of the selected sample with chromogenic radical in a particular solvent. The determined value of AOP depends greatly on the time of incubation (Figure 2) , the effect being dependent on the sample, the type of assay and the solvent. However, for both tests the shape of curves reveals a fast phase followed by a slow one.
The fast phase, often completed in the range of seconds, is mainly attributable to the oxidation of existing phenolic -OH groups. 12, [28] [29] [30] [31] The rate constants however depend greatly on the type of antioxidant and the solvent composition. 3, 12 In the present section we have not focused on the kinetics of the fast phases but rather on the amplitude that is directly proportional to the determined AOP, in order to show how incubation time influences its value. For both chromogenic radicals, with the exception of cranberry extract, beer and apple juice analyzed with DPPH
• radical in MeOH, at least 50% of the "60 min" amplitude was reached after 1 min incubation.
At prolonged incubation times the kinetic profiles for the ABTS assays in buffer pH 7.4 and in water are similar. However, it is important to note that, despite similar kinetic profiles, the calculated AOP for all samples is much higher in buffer pH 7.4 than in water (Figure 1 ). For beer, where, as compared to other samples, the largest difference in AOP determined by ABTS assays in water and buffer pH 7.4 was observed after 60 min (3.3-fold), the difference in AOP would be even larger if AOP was calculated after prolonged incubation.
Comparison of kinetic profiles for DPPH assays in MeOH and buffer pH 7.4 reveals the same pattern for all analysed samples. The kinetics are much faster at pH 7.4 and, for green tea and coffee, the absorbance virtually levels off after 30 min, and only minor changes are observed up to 3 h incubation. In contrast to the DPPH assay at pH 7.4, the kinetics in MeOH are much slower and AOP depends greatly on the time of incubation. It should be stressed that a large relative AOP increase after prolonged incubation in MeOH does not mean that AOP in MeOH is higher than in buffer pH 7.4. For the majority of samples, AOP determined after 60 min incubation with DPPH in buffer pH 7.4 is ≈3-fold that in MeOH (Figure 1 ). Generally most of the amplitude of the slower phase can be attributed to secondary modifications of partially oxidized polyphenols and formation in the test tube of compounds with antioxidant properties. 32 It is known that oxidative cross-coupling that leads to the formation of dimers some, of which possess radical scavenging activity themselves, can contribute significantly to the overall AOP. 6, 33 However, even for an early stage, the contribution to the initial amplitude of antioxidants formed from partially oxidized polyphenols cannot be neglected, especially for the solvents that increase the reaction rates. The presence in the sample of mixtures of antioxidants that differ in rate constant for their reaction with chromogenic radicals and have different propensities for secondary transformations undoubtedly results in a complex kinetic profile, as has been observed, even when oxidation of model compounds was analyzed. 6, 34 The solvent type is responsible for electron and/or hydrogen atom transfer which are characteristic not only in sequential proton loss electron transfer (SPLET) but also in hydrogen atom transfer, proton-coupled electron transfer and other mechanisms of the reaction of antioxidants with radicals. 35 Moreover, the change of hydrogen ion concentration (different buffer pH, or acidic methanol) may alter the dominant reaction mechanism.
SPLET, which includes oxidation of the deprotonated form of the phenolic compound, ArO -to ArO
• , is the predominant reaction mechanism of the phenolic compounds with different radicals in protic solvents. 28, [36] [37] [38] Since the oxidation of the deprotonated form of phenolic compounds (ArO -→ ArO • + e -) (very fast) is preferred over that of the corresponding phenol (ArOH → ArO • + H + + e -) (slow), in aqueous medium which supports the deprotonation of the phenol well and has higher H-bond accepting ability than MeOH, the oxidation of phenols is expected to be faster than in pure MeOH. 7 That is most likely the reason for the smaller initial amplitude observed in MeOH (Figure 2) . Solvents with high H-bond accepting ability strongly decrease the rate of abstracting hydrogen from ArOH and thus favour electron transfer processes from ArO -. 28, 39 The AOP at neutral and basic p-H, is expected to be higher than that in mildly acidic pH or absence of buffer (Figure 1 ), bearing in mind that the acid/base equilibrium of the -OH group at higher pH is shifted to the deprotonated form, ArO -. It must be considered that not only a difference in the reaction rates but also modifications of partially oxidized polyphenols, resulting in the formation of secondary antioxidants, contribute to AOP.
The large influence of incubation time on the determined AOP with DPPH in MeOH, which is the most common solvent for this type of assay, points to the importance of controlling time and temperature in the experiment. The fact that the AOP depends greatly on experimental conditions is often neglected and many papers, in which AOP of various samples is determined, are published each year without a detailed description of the experimental conditions.
Despite the above noted limitations, methods for evaluating AOP will remain useful tools for rapid assessment of the amounts of redox active compounds in complex matrices. There is, nevertheless, sufficient evidence that assays for estimating AOP should be performed under controlled and well defined conditions, that are properly described in the methods section, in order to enable comparison with published results.
Correlation Between AOPs Determined in Different Assays and Different Solvents
Pearson correlation coefficients of AOPs for eight samples, determined in different assays and solvents, are listed in Table 2 . In general the r values are large and for only four combinations are the values not significant at α = 0.05. The strong correlations have also been observed for combinations of FC, ABTS and DPPH assays of food samples. 15, 40 The correlations in our study that are not significant at α = 0.05 were determined for DPPH in MeOH when correlated to the AOP obtained in DPPH and ABTS assays at pH 7.4 and FC assay. This is to be expected as the reactivity of ionized polyphenols in neutral and basic pH solutions is certainly different from that in MeOH. The correlation within ABTS and DPPH assays performed in different solvents was weakest for both radicals when AOP was determined at pH 7.4. Higher r values were observed when DPPH and ABTS assays at pH 7.4 were correlated to the FC assays than to the AOP values determined with chromogenic radicals in other solvents. It should be stressed out that overall good correlation coefficients do not guarantee that AOPs determined by the two methods give similar TE values. For example, we have found strong correlation (r = 0.94; significant at α = 0.001) between AOP determined with ABTS assay in pH 5 buffer and AOP determined by FC assay, but 90% higher AOP was on average determined by FC assay.
4. Correlation Between AOPs Determined for Complex Samples and Model Antioxidants
In order to determine whether the influence of type of assay and of solvent composition on the reactivity of a model antioxidant is similar to that for complex samples where particular model antioxidant is a major redox active compound correlation analyses were performed ( Table 3) . The reactivities of model antioxidants that are important constituents of samples included in this study have been analyzed under the same conditions. 13 For both tea samples the highest r values were determined with catechin (CTH) and epigallocatechin gallate (EGCG) which are major constituents of tea polyphenols. 16, 41 Additionally, for gallic acid (GA), that is a constituent of EGCG, the best correlation, although not statistically significant, was observed with tea samples. High correlations have been observed for green and roasted coffee with chlorogenic (CGA) and caffeic acids (CA) that are major polyphenolic compounds in coffee. 20, 42 Cranberries contain a complex mixture of poylphenols with flavonoids as major con- 27, 43 which can be related to the high correlation with CTH. The fact that AA is the predominant antioxidant in vit. C enriched cranberry supplement is reflected in the excellent correlation with AA. For apple juice 44, 45 and beer, 18, 46 in which the major polyphenols are hydroxycinnamic acid and flavan-3-ols, the best correlation is observed with model antioxidants within these groups.
The data presented in Table 3 clearly show that the type of assay and the solvent composition have similar influences on the reactivity of a particular antioxidant, either pure or as part of a complex matrix.
Conslusions
Spectrophotometric methods for assessing the amount of redox active compounds in complex matrices as DPPH, ABTS and FC assays are widespread and are applied in areas of agricultural and food science, chemistry and pharmacy. We have shown that the small variations in experimental protocols that are often encountered in the literature can result in considerable differences in the reactivity of antioxidants in food samples and dietary supplements. This confirms that antioxidant activity/potential is not an inherent property of a compound but is strongly influenced by the nature of the reactive target species as well as by the environment in which the reaction takes place.
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